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SUMMARY 

si 

Residual  stresses  are  an  Inevitable  consequence  of  the  manufacture  and  service  conditions  to  which 
mechanical  components  are  subjected.  In  this  paper,  a wide  range  of  evidence  Is  presented  to  show  the 
decisive  affect  of  residual  stress,  both  pre-existing  and  service  induced,  on  the  performance  of  gears 
and  rolling  element  bearings. 

The  results  of  measurement  of  residual  stresses  arising  from  a range  of  manufacturing  procedures 
are  presented,  particular  emphcMs  being  placed  on  carburized  steels.  The  effect  of  such  stresses  on 
fatigue  performance  is  demonstrated.  Possible  causes  of  residual  stress  change  during  service  are 
reviewed  and  the  results  of  new  experimental  and  theoretical  work  on  the  role  of  residual  contact 
stress  In  a number  of  relevant  tribological  failure  modes  are  presented. 

S 


INTRODUCTION 

Interest  in  the  topic  of  residual  stress  comas  in  waves.  Such  waves  can  be  created  by  a wide 
variety  of  circumstances.  Sometimes  the  originating  disturbance  is  a practical  problem  such  as  was 
created  by  stress  corrosion  following  the  Introduction  of  high  strength  aluminium  alloys  or  by  the 
discovery  of  the  effects  of  grinding  abuse  In  hardened  steels.  On  the  other  hand,  waves  of  equal 
ferocity  have  bean  generated  by  the  development  of  new  investigative  techniques  such  as  the  new  MfastM 
Xray  diffraction  methods  and  equally  as  often  by  theoretical  advances  such  as  the  application  of 
shakedown  theory  to  rolling  contact  In  the  early  1960's. 

It  Is  remarkable,  however,  how  little  constructive  interference  there  has  been  between  these 
various  sources  of  lnteres,..  In  this  paper,  an  attempt  Is  r.ade  to  review  the  role  of  re.nldual  stress 
In  performance  of  gears  and  rolling  element  bearings.  Particular  emphasis  Is  given  to  relating 
experimental  and  theoretical  determination  of  residual  stresses  to  the  outcome  In  terms  of  performance. 
To  this  end,  the  paper  is  divided  into  two  sections.  The  first  deals  with  the  - perhaps  more  widely 
accepted  and  understood  - topic  of  the  effect  of  pra-axlstlng  residual  stress  on  performance.  In  the 
second  part  of  the  paper  consideration  is  given  to  residual  stresses  arising  during  service.  A new 
approach  to  residual  stresses  in  plastically  deformed  asperities  is  presented  and  Its  consequence  on 
tribological  failure  modes  in  aircraft  components  Is  discussed. 

It  Is  hoped  that  any  ripples  of  Interest  which  may  thus  be  generated  will  not  be  too  swiftly 
attenuated,  whatever  their  wavelength! 


PRE-EXISTING  RESIDUAL  STRESS 

When  a component  has  been  manufactured.  It  practically  always  contains  a locked- In  stress 
distribution.  In  this  section  the  nature  of  this  pre-existing  residual  stress,  l*.s  measurement  and  its 
effect  on  performance  are  considered. 

Permitted  Stress  States 


A residual  stress  state  may  be  defined  ss  one  in  which  the  boundary  loads  on  the  body  In  question 
are  zaro.  Residual  stress  states  are  elastic,  that  is  to  say  that  the  yield  criterion  Is  not  exceeded 
by  the  residual  stresses,  and  they  obey  the  law  of  equilibrium.  It  is  Instructive  to  consider  some  of 
the  restrictions  this  places  on  possible  residual  stress  states.  in  cartesian  coordinates,  the 
equilibrium  law  Is  (In  the  absence  of  body  forces)  ( 1 ) s 
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If  we  consider  a uniform  residual  stress  distribution  near  the  surface  of  sn  infinite  hslf  apace  - 
a good  approximation  if  the  residual  stress  has  arisen  from  a homogeneous  surface  treatment  of  a thick, 
flat,  component  - then  the  derivatives  with  respect  to  x and  y will  disappear  giving: 


3ixz  ^Tyz  3°z 

3z  3y  3z 

where  z is  in  the  direction  of  the  normal  to  the  free  surface. 


(2) 


As  all  these  stresses  must  be  zero  et  the  surface  because  it  is  unloaded,  then  they  are  identically 
zero  throughout  and  the  only  stresses  which  can  exist  ere  ox,  oy  and  txy.  The  body  is  in  a state  of 
plane  stress. 

A similar  argument  can  be  made  for  a uniform  cylindrical  body  ,y  expressing  the  equilibrium  law  in 
cylindrical  coordinates.  For  a uniform,  cyllndrlcally  symetric,  stress  state  we  have: 


dor  or-cg 

♦ - o (3) 

dr  r 


This  means  that  the  stress  perpendicular  to  the  surface,  or,  is  not  zero  except  at  the  surface  but 
satisfies  equation  (3).  If  the  surface  of  the  body  is  at  r»Rg,  then  since  or-0  st  r-Ro  then  the  sign 
of  or  Just  below  the  surface  depends  on  the  sign  of  og  (Figure  1). 

If  og  is  compressive,  for  example,  then  or  will  be  tarsi le  just  below  the  surface  of  a cylinder 
(r<R0)  but  compressive  below  the  inner  surface  of  a tube  (r>R0).  Usually,  the  magnitude  of  or  is  small 
in  practice,  but  an  important  exception  to  this  arises  when  e cylinder  of  small  diameter  is  case 
hardened  (leading  to  compresslva,  l.e.  negative  eg).  The  magnitude  of  tne  tensile  or,  component  car. 
then  be  quite  large,  end  will  rise  to  e maximum  at  the  case-core  boundary.  Some  ceae-core  separation 
problems  are  probably  related  to  this  residual  stress. 

It  may  be  felt  by  the  reader  that  the  necessity  for  residual  stress  distributions  to  satisfy 
equilibrium  is  something  of  a truism.  However,  many  published  experimental  residual  stress 
distributions  do  noi  appear  to  satisfy  this  lew.  For  example,  Hede  et  al  (2)  report  reaiduel  stress 
meeaurements  below  the  surface  of  a cylindrical  body  for  which  trg«0.  If  this  measurement  were  correct 
it  would  imply  that  the  streeses  were  not  cyl indri celly  symmetric  end  hence  should  very  along  the 
cylinder;  such  variation  was  not  reported  however.  The  reasons  for  this  type  of  discrepancy  probably 
lie  in  the  measurement  techniques.  These  are  olscussed  briefly  in  the  next  section. 

Measuring  Residual  Stresses 


It  is  not  always  appreciated  Just  how  many  different,  but  related  quantities  ere  covered  by  the 
description  "residual  stress".  A large  number  of  techniques  exist  for  measuring  residual  stress  and  or 
these  only  one  measures  the  fundamental  quantity  familiar  to  engineers.  This  technique  involves 
measurement  of  strain  relaxation  during  controlled,  incremental  removal  of  material.  The  commonest 
variant  of  the  technique  1s  the  hole-drilling  method,  described  by  Bathgate  (3)  in  which  e hole  1s 
formed  progressively  in  the  surface  end  the  radial  strain  relaxation  measured  using  e strain  gauge 
rosette.  The  technique  can  be  made  quite  rsproducible  with  care  but  suffers  from  the  disadvantage  of 
poor  resolution  or  stress  gradients  end  of  very  low  sensitivity  for  depths  greater  than  the  hole 
diameter.  It  la  also,  of  course,  destructive  though  is  not  regarded  so  by  some  heavy  industries  where 
small  holes  can  be  tolerated. 

Xrsy  diffraction  (XRD)  techniques  ere  also  widely  used  for  residual  stress  measurement  and  have 
become  more  popular  in  recent  years  with  the  devleopment  of  more  rapid,  automated  equipment.  However, 
XRO  does  not  measure  the  same  quantity  ea  the  destructive  techniques  end  in  many  circumstances  gives 
results  which  differ,  sometimes  by  a large  margin.  The  principal  of  the  Xrey  technique  is  will 
understood  and  is  shown  in  diagrammatic  form  in  Figure  2.  A recent  review  of  theoretical  aspects  by 
Dolle  is  highly  recommended  (*).  Measurements  of  normal  displacement  of  crystal  lnterpanar  spec  in*  are 
made  as  e function  of  direction.  These  may  then  be  converted  into  stresses  using  e knowledge  of  the 
local  elastic  properties  wnlch  must  be  obtained  from  a separate  calibration  experiment. 

The  XRO  method  has  e number  of  attractive  attributes.  One  la  that  it  can  resolve  high  stress 
gradients  which  can  be  of  great  significance  in  surface  treatment  technology  and  it  can  also  detect 
residual  shear  stresses  within  the  penetration  of  the  Xrey  beam.  The  principal  of  this  is  shown  in 
Figure  3*  The  presence  of  the  shear  stress  component  gives  rise  to  different  lmerplanar  s pacings  with 
respect  to  forward  or  backward  specimen  rotation.  However,  Xrays  are  dlffi  acted  only  by  crystalline 
material  of  a particular  phase  which  may  not  be  in  the  same  state  of  stress  as  non-crystalline  regions 
(such  as  subgrain  boundaries)  or  as  material  of  other  phases.  When  and  whether  such  effects  are 
Important  appears  to  depend  strongly  on  the  material  and  its  strain  history.  A review  of  these  effects 
which  have  been  dubbed  "paeudomacros  tress"  has  been  given  by  Cull  it  y (5).  who  shows  that  magnetic 
effects,  which  are  also  sensitive  to  the  stress,  behave  as  would  be  exbected  from  the  XRC  stress 
measurement . 

Reaiduel  Stresses  and  Fetlgue  in  Carburised  Steels 

In  this  section,  the  results  of  study  of  the  fatigue  properties  of  carburised  steels  la  presented 
in  conjunction  with  extensive  investigation  of  the  role  of  residual  stress.  The  importance  of  e 
complete  stress  analysis,  which  includes  consideration  of  residual  stresses  la  demonstrated. 
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The  purpose  of  the  work  was  to  examine  the  high  cycle  fetlgue  behaviour  of  gear  metariel  under 
conditions  as  close  as  poesible  tr  those  encountered  in  helicopter  gears.  In  pertioular,  tha  related 
variables  of  tooth-root  strese  concentration,  of  cerburlsad  ceee  depth  end  of  applied  mean  etrees,  were 
arranged  in  euch  a way  es  to  provide  e realistic  dietriubtion  of  applied  stress  whilst  still  enabling 
the  use  of  e simple,  axially  loaded,  fatigue  specimen.  Of  particular  interest  were  the  tooth  root 
stress  characteristics  of  the  Wildhaber-Novikov  confomal  gears,  which  are  used  in  the  mein  gearbox  of 
Westland  Lynx  end  Westland  30  helicopters.  Details  of  the  tooth  root  stresses  lieve  .**  Gently  been 
published  by  Aetrldge  at  el  (6)  end  feature  applied  mean  stresses  in  the  compressive  . «gion. 

The  specimen  is  shown  in  Figure  4.  Results  of  e 2-D  finite  element  analysis  of  the  specimen  is 
shown  in  Figure  5.  The  stress  concentration  associated  with  the  notch  has  e maximum  value  of  about 
1.7.  Note  that  tne  region  in  which  the  applied  stresses  exceed  the  everege  stress  in  the  reference 
section  is  confined  to  the  carburised  case.  To  find  the  actual  stresses  in  thia  region  we  therefore 
require  e knowledge  of  the  residual  stresses  in  the  case. 

Manufacture  of  the  teat  specimens  was  carried  out  by  techniques  closely  following  those  used  for 
real  components.  The  specimen  notch  was  manufactured  in  tha  same  manner  es  a preformed  gear  tooth 
root;  that  is  by  machining  followed  by  haet  treatment  (case  hardening)  end  finally  ahot  peaning.  The 
details  are  shown  in  Table  1.  The  heat  treatment  adopted  la  also  shown  in  Table  1.  The  effeot  of 
eubzero  treatment  was  investigated  by  omitting  thie  procees  on  half  the  specimens. 

Residual  stresees  were  measured  using  an  Xray  diffraction  technique.  By  selection  of  suitable 
diffraction  peake  it  was  poeelbia  to  obtain  residual  etrees  values  for  both  the  metallurgical  phases 
(martensite  and  austenite)  present  in  the  specimen  case. 

The  specimens  were  tested  under  tensile,  zero  end  compreeelve  applied  mean  etresses,  the  ratio  of 
alternating  to  mean  load  beiny  held  constant  througout  each  series.  The  testing  frequency  wee 
approximately  150  Hz.  The  rasu  ts  are  shown  in  Figure  6 in  the  form  of  a Goodman  diagram.  Hera  tha 
nominal  andurence  applied  stress  range  (ignoring  stress  concentration)  Is  plotted  against  the  nominal 
mean  strese  (Ignoring  residual  stress).  The  mean  endurance  limits  shown  were  calculated,  using  a 
standard  ctrva  shape,  from  the  individual  fatigue  lives. 

During  the  tasting  it  became  evident  that  two  types  of  failure  were  occurring*  One  of  these 
Involved  fatigue  initiation  in  the  notch,  close  to  the  surface,  usually  at  a depth  Just  below  the  shot 
peened  layer.  Tha  other  form  of  failure  originated  in  the  uneerburized  core  of  the  specimen,  at  a 
number  of  locations.  The  proportion  of  failures  obtained  oi‘  each  type  was  found  to  depend  on  the 
applied  mean  stress,  there  being  more  core-originated  failures  at  compressive  applied  mean  stress. 

The  performance  of  the  4|  NiCrMo  steel  is  superior  undar  ail  conditions  tasted  to  the  3iS  NiCrHo, 
tha  preferrad  steel  in  the  U.S.  Subzaro  treatment  had  little  effect. 

Tha  results  of  the  Xrey  diffraction  work  ere  shown  in  Figure  7.  The  upper  part  of  the  figures  ahow 
the  proportion  cf  retained  austenita  present  as  a function  of  depth.  The  proportion  of  this  phase  is 
reduced  but  not  eliminated  by  the  subzero  treatment. 

K complex  residual  stress  state  is  present.  Very  nigh  compression  is  present  at  the  surface  and 
persists  to  a depth  of  about  0.1mm.  This  is  the  area  affected  by  shot  peaning.  At  grafter  depths  but 
stlil  within  the  carburised  case,  a more  moderate  compression  is  present  in  the  martensitic  phase,  but 
tensile  stresses  are  present  in  the  austenite.  The  stress  1 rt  tha  austenite  could  not  be  measured  for 
depths  below  O.Jmm  for  the  subzero  treated  specimens  and  about  0.65mm  for  tha  untreated  specimens 
because  tha  diffraction  peak  became  too  weak,  with  declining  austenite  content,  to  locate  sufficiently 
precisely.  Subzero  treatment,  although  reducing  the  total  amount  of  austenite  present,  eleo  hae  tha 
effect  of  lncreaelng  tha  tensile  stress  in  this  phase.  On  the  other  hand,  the  compreeslon  in  the 
martensite  is  increased  by  subzaro  treetment.  In  the  core,  tha  streseae  ere  taneile. 

The  combined  affect  of  the  notch  and  tha  residual  stresses  are  that  both  alternating  end  mean 
stresses  differ  between  the  two  failure  origin  locations.  In  Figure  5 the  real  strassee  at  the 
endurance  limit  are  plotted  in  the  fora  of  a Smith  diagram  fer  tha  standard  materiel  condition.  Two 
series  of  approximately  straight  lines  are  obtained  which  coincidental ly  converge  to  tha  proof  strese 
value  for  the  core.  Portrayal  of  the  data  in  this  fon-  provides  ail  the  fatigue  information  required 
whiiet  at  the  same  time  allowing  extrapolation  to  caeas  where  the  raslduai  street  etate  is  not  the 
same.  An  important  example  of  this  occurs  if  the  proportion  of  case  to  oore  veriee  from  that  used  In 
the  present  axperlmenta.  Higher  proportions  of  caee  give  riea  to  higher  tensile  etraesae  in  the  core. 

Residual  Streea  end  Critical  Defect  Size 


Ail  materials  contain  defects.  The  size  and  distribution  of  aueh  defects  have  e vary  substantial 
affect  on  fatigue  performance  especially  for  high  strength  steeie  of  the  type  used  for  aircraft 
tribological  components.  In  this  Section  an  example  le  given  of  the  analyeis  of  the  fatigue  behaviour 
of  e gear  containing  such  defects  in  order  to  demonstrate  the  large  effect  of  residual  stress. 

A service  failure  had  occurred  of  s pi. 'ton  gear.  investigation  shoved  that  the  origin  of  the 
failure  wee  in  the  (uncarburised)  bora,  a region  which  was  known  to  be  very  mildly  streamed.  However, 
the  initiation  of  the  failure  was  associated  with  e smell  pre-exleting  c-eck-ilke  defect  which  had 
probably  erleen  during  manufacture.  Defects  of  this  natura  could  be  shown  to  raduca  fatigue  life  in 
coupon  tasta  but  it  was  requirad  to  know  whether  euch  a defect  oouid  propagata  under  aervice 
conditions.  An  analysis  was  therefore  undertaxan.  using  linear  elastic  fracture  mechanics,  in  order  to 
determine  the  effect  of  service  stresses  on  such  defects. 

It  soon  emerged  that  one  of  the  major  unknowns  was  the  residual  stress.  A tensile  residual  atress 
acting  transversely  to  the  defect  would  allow  creek  opening  ovar  a much  larger  proportion  of  the  stress 
cycle  and  would  thus  accelerate  propagation.  Equally,  tensile  etrass  wcuid  allow  smaller  defects  to 
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propagate  et  • stress  which  might  otharwiaa  Se  below  the  threshold.  The  affect  of  e conatant  tenaile 
etreae  on  the  critical  defect  alxe  to  five  the  failure  life  le  ehovn  In  Figure  9.  Measurement  of  the 
actual  reaidual  atreae  In  the  bore  of  the  fear  ehaft  proved  lepoeelble  but  teat  piecea  of  alallar 
lection  treated  In  the  eaae  way  ehoved  eubatantiel  tenaile  atreeeee  of  epproxlaately  300  MPe.  The 
crltloel  flew  eize  wea  therefore  of  the  order  10*'  aa,  coapareble  with  that  of  the  obeerved  defecte. 

The  effect  of  flew  elze  on  life  for  different  oonatant  reaidual  atreeeee  la  ehown  In  Figure  10. 
The  reaidual  etreea  hae  an  overwhelalng  effect  on  perforaanoe.  Thle  Investigation  culalnated  in  the 
reaovel  both  of  the  daaeglng  reaidual  atreaa  end  of  the  defecte,  by  aodlflcetlon  of  the  aanufecturing 
route.  At  the  aaae  tlae,  e new  differential  eddy-current  lnapectlon  technique  waa  Introduced  to  give 
further  aaaurence  of  freedoa  froa  eurfece  flewa. 

Aeeiduel  Streee  end  tolling  Contacts 

The  effect  of  reaidual  etreae  on  concentrated  oontecta  la  e acre  difficult  problaa  than  that 
conaldered  In  the  laat  lection  beceuae  of  the  ooaplezlty  of  the  applied  atreaa  field.  The  elapleet 
fora  of  the  problaa  le  the  effeot  on  the  atetlo  atrength  of  concentrated  contact.  Thle  aerely  require! 
the  euperpoeltlon  of  reaidual  and  applied  etreae  flelda  and  the  application  of  e yield  criterion  to  the 
reaultant.  HUle  and  Aehelby  (7)  and  Broazelt  at  el  (8)  have  recently  pereued  thle  line  of  work.  In 
generel,  uniform  ocapreeelve  reaidual  etreae  le  beneftoiel,  dee  pine  the  ooapreaelve  nature  of  the 
applied  atreaaea,  beceuae  It  hae  the  effect  of  reducing  the  dlff an  rice  between  the  principal  etreaaea 
In  the  region  beneath  the  contact  and  hence  reducing  the  aexiaua  ahear  atreaa.  field  Is  oonaequently 
Inhibited.  The  noapreaalve  reaidual  atreaeee  produced  by  carburlelng,  nltrlolng,  mild  finding,  a hot 
peening  etc  there  "ere  act  to  lncreaae  the  etatlc  load  oarylng  capacity  of  eurfeoea. 

However,  the  performance  Ulmiting  factor  for  many  aircraft  geare  and  rolling  elamev.  bearlnga  le 
not  etatlc  behaviour  but  pitting  fatigue.  Thle  phenomenon  la  etlll  not  well  isideretood  ceeplte  having 
brer,  the  eubject  of  much  reeearch.  It  doaa  a earn , however  that  oempreealve  reaidual  etreza  can  Improve 
pitting  life  (9).  Equally,  tenaile  streamer  can  reduce  performance  although  It  eeeae  that  tne  effect 
varlee  wlththe  direction  of  the  tenaile  etreae.  Czyzewekl  (10)  lnveetlgated  the  effect  of  e tenaile 
hoop  etreae  In  e bearing  race  auch  ee  may  occur  when  an  inner  race  le  ehrink  fitted  onto  e ehaft  or 
when  an  outer  race  le  aubjected  to  high  centrifugal  forcee.  He  found  e large  reduction  in  life 
together  with  e change  In  cracking  node  to  wive  fracture  of  the  race  rather  than  pitting.  Foord  et  el 
(11)  end  acre  recently  Doualnaa  (12)  have  applied  tenaile  etreae  perpendicular  to  the  rolling  direction 
In  ooeibined  bendlng/rclllng  experlnente  with  eoft,  high  carbon  eteile.  The  reaulte  ehow  e email  life 
reduction. 

)<uch  work  still  needs  to  be  done  In  thle  area  both  in  relation  to  rwaldual  and  to  combined  applied 
atreaaea.  One  problem  le  that  In  pure  rolling,  failure  does  not  occur  until  applied  loads  approach  tho 
eleetic  limit.  Thle  means  that  the  reel  atreaa  field  changes  during  running.  Even  when  sliding  la 
applied,  some  plastic  deformation  le  etlll  likely  under  conditions  which  enable  aurfece  asperities  to 
oooe  Into  contact.  These  possibilities  are  further  explored  In  the  next  section. 


SERVICE  INDUCED  RESIDUAL  STRESS 

A number  of  ways  exist  In  which  the  residual  atreaa  state  In  e component  can  change  during  lta 
service  life.  All  can  play  e decisive  role  In  gear  and  bearing  rellure  modes. 

Thermal  Streee  Relief 

Carburised  steels  of  the  type  used  In  many  gear  and  bearing  applications  et  low  temperature 
(Westland  practice  for  carburised  AI  HICrMo  steel  la  to  temper  et  1I0°C).  Seme  bearing  rolling 
elements  are  tempered  et  temperatures  aa  low  ee  12i°C.  In  the  case  of  carburised  eteele,  the  effect  of 
heating  the  component  et  e higher  temperature  than  this  la  two-fold.  One  effect  le  to  change  the 
hardness:  the  effect  of  overtempering  on  the  nlcrohardneee  profile  of  e carburized  case  le  shwon  in 
Figure  11.  The  eurfece  hardrsas  la  in  fact  for  moderate  tampering  periods  et  up  to  200°C  in  thle 
steel. 

In  addition,  the  residual  stress  dlelrlubtlon  changes  during  overtempering.  Kirk  (11)  showed  that 
the  beneficial  compressive  residual  atresias  produced  during  ceae  hardening  in  the  surface  of  the 
workpiece  are  rapidly  relieved  by  thermal  treatment  in  the  range  100-200°C  for  HICrMo  (8820  H) 
ateel.  He  showed  e corresponding  reduction  In  fatigue  properties.  A similar  Investigation  has 
recently  been  carried  out  et  Weatlanc  for  the  It  memo  carburised  ateel,  using  II  am  diameter 
specimens  in  rotating  bending  (zero  applied  mean  stress).  Again  e significant  reduction  In  fatigue 
performance  hae  been  observed  even  under  circumstances  where  the  eurfece  hardness  has  not  been  reduced 
below  the  normally  accepted  minimum  (Figure  12).  Both  these  studies  lead  to  the  conclusion  that 
satisfactory  surface  hardness  does  not  imply  that  the  performance  capability  of  e component  le 
unaffected  after  an  overheating  event!  residual  atreaaea  nay  have  been  changed  in  e detrimental  manner. 

Residual  Contact  Stream 


Of  ooirse  It  should  not  normally  be  the  case  that  the  operating  temperature  of  e component  exceeds 
lie  tampering  temperature.  However,  when  these  temperatures  are  quite  close  aa  they  often  are  for  gear 
and  bearing  eteele,  changes  which  mimic  over temper  1 ng  say  occur  during  running.  The  dark  area 

sometimes  observed  In  rolling  element  bearlnga  of  It  CCr  steel  after  long  tunning  times  probably  arias 
from  thle  soiree.  Thermal  and. 'or  cyclic  softening  allows  plastic  deformation  to  occur  during  prolonged 
running  under  the  influence  of  applied  loads. 

The  nature  of  the  stress  disti  1 but  Ion  which  le  induced  by  contact  et  loads  above  the  effective 
yield  has  recleved  auch  study  and  e review  of  the  relevant  theory  has  recently  been  presented  by  K.L. 
Johnson  (U).  If  the  applied  loads  exceed  yield  by  only  e small  margin  as  le  common  In  practical 
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situations,  the  approach  of  Herein  (15)  nay  be  used  in  which  the  total  strain  Is  equated  to  the  elsstlc 
strain.  This  Is  reasonable  because  the  plastic  deformation  Is  contained  by  elsstlc  material  to  a small 
sub-surface  region.  > practical  consequence  of  this  Is  that  such  plastic  deformation  Is  Impossible  to 
detect  metallographlcslly.  Nevertheless  the  stresses  generated  may  be  large.  Figure  13  shows  the 
residual  stress  distribution  In  Identical  rollers  measured  In  ona  Instance  without  running  and  In 
another  after  running  In  a disc  machlna  at  an  applied  Hertzian  stress  of  2.8  CPa  at  a slide  roll  ratio 
of  0.026.  an  Increase  In  the  case  compression  has  apparently  occurred  du'lng  running.  The  nominal 
applied  loads  are  close  to  the  elastic  Halt  but  slightly  below  It.  Evidently  under  real  running 
conditions  soma  plastic  deformation  has  Indeed  occurred  leading  to  the  Increased  compression.  Thermal 
and  cyclic  affacts  may  again  be  significant  here. 

Residual  asperity  Stresses 

Ona  of  to  the  most  Important  problems  now  being  tackled  by  trlbologlsts  Is  the  modelling  of  rough 
surface  contact.  Significant  advancaa  have  recently  been  mads  In  dry  (16)  and  In  lubricated  (17)  rough 
surface  oontact  for  situations  In  which  the  contact  la  fully  elastic.  However,  It  la  wall  established 
from  both  theoretical  and  experimental  evidence  that  plastic  deformation  may  occur  on  an  .sperlty  scala 
whan  rough  surfaces  come  Into  contact  (18).  Such  plastic  deformation  will  Inevitably  produce  residual 
stresses.  A simple  way  to  calculate  such  residual  stresses  has  recently  been  devised  In  a 

collaborative  project  between  the  Hachanlcal  Engineering  departments  of  Cambridge  University  and 
Imperial  College,  London  (19).  It  la  based  on  the  assuiptlon  that  the  asperity  loads  may  ba  high 
enough  to  be  In  the  fully  plastic  range.  Such  conditions  era  believed  to  occur  during  gaar  tooth  and 
race/rol'.er  contacts  when  the  surfaoas  are  rough  and  when  the  lubr  cant  film  thickness  Is  low, 

especially  though  not  exclusively,  during  runntng-ln.  This  problem,  c*  stress  analysis  of  fully 
plastic  contacts, has  recently  received  much  attention,  the  most  popular  reusnt  approach  being  that  of 
the  finite  element  method.  Curiously  enough,  no  complete  stress  distributions  based  on  this  technique 
have  bean  published,  however.  Fortunately,  a much  simpler  approach  Is  possible  using  slip-line  field 
theory  which  allows  an  analytical  solution  to  be  obtained.  Slip-line  field  theory  has  bean  uaad 
previously  for  asperity  plastic  deformation  problems,  notably  by  Green  (20)  Johnson  (21)  and  Challan 
and  Oxley  (22).  The  residual  stresses  are  obtained  by  using  the  elastic  solution,  for  the  same 
prasaura  and  tangential  force  distribution,  as  Is  obtained  from  the  plastic  analysis:  the  asperity  Is 
"elastically  unloaded". 

The  results  of  these  calculations  are  reproduced  In  Figure  Ik.  They  show  soaia  startling  effects. 
The  unloaded  contact  surface  Is  left  In  a state  of  high  residual  tension.  Soaia  aubsurrace  stresses  are 

also  tanslla,  but  not  In  the  region  Immediately  beneath  the  contact  whara  a high,  predominantly 

hydrostatic  residual  compression  la  predicted.  The  subsurface,  tanslla,  residual  strassas  have  a 
characteristic  Inclination  ralatad  to  the  direction  of  tangential  foroe.  Thera  Is  a closa  parallel 
Detwaon  tha  direction  of  this  (calculated)  residual  tension  and  the  direction  In  which  cracks  are 
observed  to  form  during  the  aarly  stages  of  rolling  fstlgua  and  ralatad  froms  of  failure.  Such  cracks 
form  at  a shallow  angle  to  the  surface  (Figure  15)  and  dapend  cn  the  direction  or  applied  tangential 
force  In  a similar  manner  to  the  calculated  residual  atraasaa.  No  detailed  understanding  or  the 
aachanlsm  of  formation  of  rolling  fatlgua  and  mlcroplttlng  cracks  Is  currently  available,  but  It  doaa 
seem  likely  that  the  presence  of  residual  tension  acting  perpendicular  to  the  embryonic  crack  would 
aaalal  Its  development  In  the  manner  mentioned  earlier  and  henca  favour  crack  formation  In  the  observed 
direction. 

In  conclusion.  It  seems  a mistake  to  assuae,  as  Is  frequently  done,  that  the  operating  conditions 
of  tribological  components  era  entirely  In  the  elastic  ranga.  A knowledge  or  the  afreets  or 
aervlce-lnducad  plastic  deformation,  leading  to  characteristic  residual  stress  dlatrlbutlcne  la 
axpectad  to  make  a major  contribution  to  the  understanding  or  contact  rallura  modes  which  currently 
limit  the  performance  of  gears  and  rolling  element  bearings. 


CONCLUSIONS 

The  aerospace  Industries  of  the  world  - quite  eorractly  - expand  substantial  effort  In  order  to 
determine  the  applied  atrsaa  regime  to  which  components  and  materials  ara  subjactad.  However  it  Is 
beoomlng  Increasingly  evident  that  a full  understanding  of  the  performance-limiting  failure  modes 
requires  consideration  of  residual  as  well  as  applied  atreaaee.  Th,a  la  particularly  true  of 
tribological  rallura  modes  whers  the  applied  stresses  are  predominantly  eooprasslve. 

This  paper  has  given  soma  examples  of  the  use  of  residual  atrsas  analysis,  both  theoretical  and 
experimental  In  the  development  of  such  understanding.  It  Is  to  be  expected  that  many  potential 

Improvements  In  performance  and  reliability  of  aircraft  transmission  systems  could  result  from  the 
developaient  and  exploitation  of  residual  stresses,  especially  in  the  design  of  new  materials  and 
processes.  A prerequisite  to  such  advances  Is  the  ability  to  predict  residual  stresses  and  to  verify 
such  predictions  by  accurate  measurements . 
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1.  Composition 


Element 

C 

N1 

Cr 

Mo 

SI 

Mn 

S 

p 

Weight  * 

<<*  NlCrMo 
3i*  NlCrMo 

0.15 

0.16 

<1.15 

3.29 

1.12 

0.99 

0.25 

0.24 

0.26 

0.22 

0.37 

0.46 

vO 

0 0 
0 0 

0 0 

0.006 

0.005 

2.  Manufacture 

Both  steels  were  manufactured  by  consumable  electrode  vacuum  arc  remelting. 


3.  Treatment 

The  specimens  were  carburised  925°C  to  give  a surface  carbon  content  of  0.8*0.051  to  a nominal  case 
depth  of  1.5mm.  The  temperature  was  then  reduced  to  850°C  for  1h  before  air  cooling.  After 
carburising  the  specimens  were  annealed  at  650°C  for  6h  and  furnace  cooled.  The  remainder  of  the 
treatment  was  as  follows: 


Hardening: 
Subzero* 
Tempering: 
Shot  Peening: 


Reheated  to  790°C  for  th,  oil  quenched 
Cool  to  -60°c  for  1h 
1 40°C  4h 

Almen  Intensity  0.  j5mm  A2  using  5170  shot 


4.  core  Static  Tensile  Properties 

Ultimate  tensile  stress/MPa  C .2*  Proof/MPa  Elongation  Reduction  of  AreJ 


4*  NlCrMo 
3j*  NlCrMo 


1*113  1312  15*  60* 

1397  1263  14*  62* 


Tab!?  1 Material  and  Heat  Treatment  Details  for  4*  NlCrMo  and  3i*  NlCrMo  Gear  Steels 
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Flfure  l 

Radial  Residual  S trass  as  Near  a Cylindrical  Boundary 
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Principal  of  Residual  Stress  Measuresont  by  Xrsy  Diffraction 


Fl*ure  J 

Principal  of  Residual  Shear  Stress  Measurement  by  Irsy  Diffraction 
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fljure  4 

Goodaan  0 1 agree  (RM  Dlafraa)  Showing  Endurance  Halts  for  kt  HICrMo 
3{l  HtCrHo  Steel 


-2000  -1000  0 1000  2000 


Total  Naan  Stra*s/MPa 


Flfura  8 

Total  Stresses  at  Endurance  Halt  in  US  NICrHo  Steal 


Rail dual  Ttmlle  Strass/KPa 

Flfura  9 

Effact  of  a Constant  Tensile  Stress  on  the  Critical  Defect  Sire  to  five 
a Constant  Fatigue  Life 


Figure  10 

Effect  of  Defect  Slse  on  Fatigue  Life  for  Different  Constant  Residual 
Stresses 
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(»)  Short  Term  Temperinf  Data  Tor  4*  NiCrMo  Steel 

Carburised  8h,  Reheated  790°C  30mln,  Oil  Quenched, 
Deep  Froien  -65°C  Ih,  I40°C  2h.  Retempered  as  shown 


{&)  Longer  Term  Tempering  of  41  MCrHo  Steel,  treated  as  for  \a) 


Fifure  11 

Effect  of  Temperinf  Temperature  on  the  Case  Ml  cr  ©hardness  Profile  of 
Carburised  *1  JIlCrMo  Steel 


* 


Figure  12 

Effect  of  Oyertenpering  on  Rotating  Bending  Fatigue  Properties  of 
kt  NlCrMo  Steel. 

Teat  Section:  H mi  dl  Meter 
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Figure  1J 

Reel  duel  Slreaaea  in  Dine  Machine  Roller  Refare  end  After  Running  el 
?.«  Cf».  S.OH  SUU./KOU  for  Sir...  C»cl»» 
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(a)  Zero  Tangential  Load 
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(b)  Ratio  of  Tangential  to  Horaal  Load  * 0.2 


Figure  1% 

Residual  Stress  Distribution.  Calculated  Using  Slip-line  Field  Tneor y , 
for  a Plastically  Deformed  Asperity  Contact 
k - yield  stress  In  shear 
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Direction  of  Tractive  Force 


Figure  15 

Crack  Initiation  Direction  In  Mlcropltting . Showing  Relationship  to 
Inclined  Subsurface  Residual  Tension 


